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Abstract 
Remote fusion cutting (RFC) is an interesting industrial process compared to traditional laser cutting. It is because traditional laser 
cutting is limiting travel speed and accessibility due to the required positioning of the cutting head just above the workpiece for 
providing a cutting gas pressure. For RFC this pressure is created by the vapor, which is formed when the laser beam evaporates 
the cut material. The drawback of RFC compared to traditional laser cutting is a worse cut quality, wide cut kerf and a slower travel 
speed. The contribution of this paper is an experimental investigation, which determined the process window for RFC in stainless 
steel with a single mode fiber laser. The process variables: travel speed, focus position, power and sheet thickness were investigated. 
Based on the results of the experiments and process knowledge the aim of this work was to determine and describe the most 
important driving mechanisms for understanding and modelling the RFC process. The purpose is to deepen the understanding of 
the mechanisms in the process and find the factors, which can improve the performance and also determine the limitations. The 
validation results show that the developed model of the RFC process gives a similar process window as the experimental results 
for the tested parameters and variation of travel speed and focus position. 
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1. Introduction 
Remote laser cutting has many advantages as the laser cutting head does not have to follow the surface to cut. These 
advantages are: increased travel speed, lower risk of tool collision, narrower access path required by the beam than a 
cutting head and no use of cutting gas. Two different types of remote cutting techniques exist: remote ablation cutting 
(RAC) and remote fusion cutting (RFC). The melt removal is very distinct for these two processes. RAC is a process, 
which stepwise over a number of runs evaporates the material and pushes the liquid metal out of the kerf to create a 
final cut. RFC is also called vapour-pressure fusion cutting due to the mechanisms in the process, where the laser 
evaporates some of the metal to create a vapour pressure forcing the melt out of the kerf. Pihlava et al. (2013). 
Due to the high temperatures (>2000°C) involved in the process and the high process speed (>5000 mm/min) the 
RFC process is non-trivial to model analytically due to the high temperature gradients and lack of material data for 
the high temperature area. To overcome this, an empirical approach is taken in this paper. A process window for the 
RFC process is determined for variation of selected process variables. Based on this process window and analytical 
equations a basic model is formulated to understand the most important mechanisms in the process. The fit of the 
model to the experimental data is determined. 
 
Nomenclature 
A Absorptivity defined for laser wavelength λ   0.700  
λ Laser wavelength [m]     1.076·10-7 
K Thermal conductivity of steel [W/(m·K)]   40 
ρ Density of steel [kg/m3]     7850 
Cp Thermal heat capacity of steel [J/(kg·K)]   690 
κ Thermal diffusivity of steel [m2/s]    6.6253·10-6 
Tm Melt temperature of steel [K]    1723 
γ Surface tension of steel [N/m]    0.56  @1808K 
μ Viscosity of steel [kg/(m·s)]    0.0069  @1808K 
V Travel speed [m/sek.] 
z Focus position [m] 
S Sheet thickness [m] 
ffoc Focal length [m] 
D0 Collimated beam diameter [m] 
DZ  Beam diameter [m] 
M2  Beam quality factor 
P Laser power [W] 
Imax Maximum intensity [W/m2] 
Pres Resulting pressure [N/m2] 
PV Vapour pressure [N/m2] 
PM Moving pressure [N/m2] 
PA Acceleration pressure [N/m2] 
PT Surface tension pressure [N/m2] 
1.1. State of the art 
Different approaches exist for modelling the RFC process. An analytical model by Matti et al. (2013) calculates 
the energy balance to model a three-dimensional vaporization front. In a combination with an empirical model the 
melt flow field is calculated. Mahrle et al. (2010) models the driving mechanisms to calculate the processing speed 
and need of energy to drive the RFC process. 
 Numerical computation by finite element analysis has been applied by Otto et al. (2010) and Otto et al. (2011) for 
RFC. The process is modelled in OpenFOAM and COMSOL. It models the recoil pressure of the evaporation vapor 
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creating keyhole humps that run down the keyhole front. The keyhole humps achieves momentum to exceed the 
surface tension and are able to form droplets for certain machine parameters. 
Empirical results on RFC are made by Schäfer (2010) showing quality cuts in sheet thicknesses between 0.5 and 3 
mm. The results are obtained with a 6 kW disc laser with a focus diameter of 600 μm. Mahrle et al. (2010) provides 
experimental RFC results with a 1 kW single mode fiber laser to benchmark an analytical model. Schober et al. (2012) 
investigates experimentally how the cutting front angles is formed and influenced by the process parameters. A vision 
system is used to monitor the front angle and the result is obtained with an 8 kW multi-mode fiber laser with at spot 
size of 640μm. Pihlava et al. (2013) presents a benchmark, where quality aspects of RFC, RAC and traditional laser 
cutting are compared. 
1.2. Contribution 
The hypothesis of this paper can be stated into two questions: 
x Is RFC possible with a 3kW single mode fiber laser and is it possible to reproduce the process window made by 
other laser types and described in Schäfer (2010)? 
x Can an analytical model, which only contains the most basic and significant phenomena’s in RFC, be made to 
compute the process window for when RFC occurs? Furthermore, can the model produce results which are 
comparable with the process window obtained through empirical experiments? 
To answer these questions three studies are carried out: 
1. Experiments with unfixed sheets: Experiments with a rough step size of the variables were carried out with variation 
of travel speed, focus position, sheet thickness and laser power. 
2. Experiments with fixed sheets: Based on the knowledge from the first study the experiments were carried out with 
fixed sheets to minimize plate distortion and an improved setup was made to analyze the cuts. The experiments 
were carried out with variation of travel speed and focus position. 
3. Analytical modelling: A model based on the most elementary forces determined for RFC was build. The principle 
was to compute the vapor pressure and to subtract the material forces to overcome. This approach made it possible 
to show whether the condition for cutting are present and can be compared with the empirical results. 
The remaining of this paper is organized as follows. In section 2 we present the developed analytical model. Section 
3 describes the experimental setup and section 4 shows the experimental results. Finally the analytical model is 
compared with the experimental result in section 5 and a conclusion is given in section 6.  
2. Analytical model 
A lot of models and theories explain the phenomena’s in the laser cutting process as described in the state of the 
art. This model will be based on computations in MatLab and does not require time consuming numerical 
computations. Furthermore a lot of assumptions and approximations are done in the description of the mechanisms in 
the RFC process. Some of the major assumptions are; material properties are fixed to one temperature and phase 
changes are not included, the metal flow in the keyhole and ejection of metal are approximated as a tube flow and 
laser beam absorption is a simple ring model not considering absorption for varied material surface angles. Figure 1 
illustrates how the geometrical dimensions in the model are approximated. 
The model is based on a summation of the pressures involved where the vapor is pushing the melt out of the kerf 
and where the surface tension and the pressure to move the melt have to be overcome. The acting pressure and 
pressures to overcome are assumed to work on the same area and by this reason the resulting pressure Pres can be 
determined as: 
TAMVres PPPPP    (1) 
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Fig. 1. Geometrical dimension in the model. The volume Q is covered during the time period when the laser beam passes. 
To model the vapor pressure the beam diameter is required. It is theoretical calculated as: 
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The principles shown in figure 2 were used to calculate the vapor pressure PV. The intensity of the laser beam was 
generated in a 128x128 power distribution (PD) array. The intensity over a threshold Imax = 1011 W/m2 was replaced 
to zero in PD because it was anticipated that the laser beam passes through the keyhole in the workpiece. Based on 
PD the heat input on the workpiece was computed and a temperature distribution (TD) array was generated and 
converted to a vapor pressure. The last step includes a lot of assumptions e.g. no keyhole formation and laser beam 
absorption is not dependent on the incident angle and temperature. 
Fig. 2. The Matlab Laser Toolbox (Römer, 2010) is used for the calculations. For each step the input and output can be seen. 
The pressure calculation was done with Beutl et al. (1994) where a = 26.4317, b = -48769, c = -1.3217 and PVA = 1. 
The TD is divided into 128x128 squares with an area of as and in each area the surface temperature TDi is known.  
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The pressure to move the fluid metal was estimated by the pressure loss in a tube with a standard fluid dynamic 
notation. The pipe length is relatively short compared to the diameter which may generate a result, which is not 
physically completely correct. When the pressure at the back side is set to zero the equation can be rewritten to: 
 44
128128
Z
M
Z D
QS
P
D
QS
P 
 
 ' S
P
S
P
     where      timeVDSQ Z   (4) 
The pressure to accelerate mass of liquid metal is based on the equation: 
2area
onacceleratimass
PA
   (5) 
The amount of mass to be pushed out of the kerf when the laser beam passes is calculated from the beam diameter 
which approximates the kerf width: 
U SDmass Z 2   (6) 
The acceleration needs to push the mass out of the kerf during the time period when the beam passes. It can be 
calculated from the equation of motion with constant acceleration where the mass has to be moved the distance of the 
sheet thickness S: 
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The area of the pressure is approximated as the beam diameter: 
 25.0 ZDarea  S   (8) 
Equation 6 to 8 are inserted into equation 5 to calculate the pressure needed to accelerate the mass of liquid metal:  
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The force to overcome surface tension γ is dependent on the contact edge length L of the liquid and multiplied with 
two because the liquid has an upper and under side. To calculate the pressure required to overcome the surface tension 
the force is divided with the area covered by the laser beam, which was found in equation 8.   
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3. Experimental setup 
The experiments were conducted at the laser laboratory at Aalborg University and the equipment used are presented 
in table 1 and the setup is shown in figure 3. 
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a 
 
b 
Material type: 
x Experiment 1-5: 
X4CrNi18-10 No. 1.4311 
x Experiment 6: 
X2CrNi19-11 No. 1.4307 
 
Setup: 
Optics protection gas and a cross jet with 
air were applied to protect the cover slide. 
These flows were not measurable at the 
surface of the sheet. 
x Upside down cutting. 
x Laser beam angle: perpendicular to 
the workpiece. 
 
Procedure: 
The experiments were performed by 
moving the sheet by the XY repositioning 
system. The laser beam was turned on just 
before the sheet was moved into the beam 
and kept on over 75 mm distance. 
c 
Fig. 3. (a) physical setup; (b) schematically setup; (c) setup parameters and constraints. 
Table 1. Equipment and settings used for all experiments. 
Equipment Type and manufacturer  Process parameters Value 
Laser  3kW IPG YLS-3000  Focal length (ffoc) 0.470 m 
Cutting head HighYag 470mm focal length  Collimated beam diameter 
(D0) 
11.05·10-3 m 
XY repositioning system Q-sys  Beam quality factor (M2)  1.2 
3.1. Experiments with unfixed sheets 
The purpose of the experimental design, see table 2, was to determine the process window for variation of travel 
speed, focus position and laser power, which suits for the 5 tested sheet thickness. 
Table 2. Settings used for experiments 1-5. For experiment 1 and 2 the step interval of travel speed, focus position and laser power was not done 
with fixed sizes because the test had to show if RFC was obtainable. For experiment 3, 4 and 5 a non-defined step interval was used to find areas 
of interest and within these areas the step interval can be seen in figure 4. 
Process and workpiece variables Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5 
Travel speed [mm/min] 2000 – 32000 5000 – 32000 2000 – 12500 2000 – 12500 2000 – 12500 
Focus position [mm] -15 – +15 0 – +25 -30 – +30 0 – +30 0 – +30  
Sheet thickness [mm] 0.12 0.3 0.5 1.0  2.0 
Laser power [W] 300 – 3000 1000 – 3000 2500, 2800, 3000 2500, 2800, 3000 3000 
 
Measurements of the cut quality for the unfixed sheets were done manually due to the fact that the sheets were 
distorted. A non-standard definition of RFC cut quality was used. Quality cuts are when at least 90% of the cut was 
physically separated and the edges were straight from a visual inspection without magnification. Separation cuts are 
when at least 80% of the cut was physically separated and the edges were visually uneven. 
116   Morten Kristiansen et al. /  Physics Procedia  78 ( 2015 )  110 – 119 
3.2. Experiments with fixed sheets 
Based on experiments 1-5 it was clear that distortion of the sheets was a major issue and obviously could influence 
the cutting results. Based on this a fixture was constructed to minimize the distortion and it is described in Villumsen 
et. al. (2015). To make a more thorough study it was chosen to use only 0.5 mm sheet thickness, see table 3, because 
distortions could be an issue in the thinner sheets and the process window was too small in thicker sheets. 
Measurements of the cut quality for the fixed sheets were done with a vision and image processing setup described 
in Villumsen et al. (2015). The system delivers the percentage of the total cut length which is separated. 
Table 3. Settings used for experiment 6. 
Process and workpiece variables Experiment 6 
Travel speed [mm/min] 4000 – 13000 in steps of 1000 and 500 in area of interest 
Focus position [mm] -30 – +30 in steps of 5 and 1 in area of interest 
Sheet thickness [mm] 0.5 
Laser power [W] 3000 
4. Experimental results 
From the experiments it was clear that the RFC process was not a robust process for the given setup. For identical 
experiments the process could vary and it is clearly seen in the experimental results that repeating experiments were 
not resulting in the same cut quality. 
4.1. Experiments with unfixed sheets 
For the experiments with 0.12 mm sheets thickness RFC quality cuts were achieved with a laser power <1000 W. 
For the experiments with 0.3 mm sheets thickness only separation cuts were achieved. Due to the plate distortion in 
these sheet thicknesses the results were fluctuating and had to be repeated with fixation of the sheets. For 0.5 and 1.0 
mm sheet thickness a clear process window with RFC quality cuts can be seen in figure 4.  
 
 
Fig. 4. Result plots with the travel speed [mm/min] as a function of the focus position [mm] where red represents quality RFC cut, black 
represents separation cut and blue represents no cut. The plots in the top row are for 0.5 mm sheet thickness and plots in the bottom row are for 
1.0 mm sheet thickness. The plots to the left are for 3000 W, the middle plot for 2800 W and the right plot for 2500 W laser power. 
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The size of the process window decreases when the laser power is decreased. It is clearly seen that the beam needs 
to have a certain diameter before quality cuts are produced. For the laser power 3000 W in 0.5 mm sheet thickness a 
symmetrical pattern of no cuts around ffoc = 0 can be seen. It was not possible to see the same pattern for 1.0 mm sheet 
thickness and for lower laser power it was not tested. For 2.0 mm sheet thickness it was not possible to create RFC 
cuts. Separations cuts were clearly observed in 0.5 mm sheet thickness for low travel speeds and wide beam diameters. 
The occurrence of separation cuts could be explained by the melt pool becomes wider because of more heat is absorbed 
and the beam is wider. This resulted in a situation where the melt pool is wider than the beam. It causes not fast enough 
ejection flow of the melt pool, resulting in large amounts of solidification material introducing uneven edges. This is 
different for quality RFC cutting where the vapor pressure ejects the melt leading to more even edges. 
Cut sections selected from the experiments are shown in figure 5. The kerf width decreases for an increasing travel 
speed. The cut sections show that the RFC quality is with more rounded edges and a larger heat affected zone compared 
to similar gas assisted laser cuts. 
 
363 μm 279 μm 181 μm 179 μm 
6500 mm/min 7500 mm/min 8500 mm/min 9500 mm/min 
Fig. 5. Quality cut results for 0.5 mm sheet thickness and for focus positon +15 mm. Each column shows the face of the cut, the measured kerf 
width and the cut section for the given travel speed. 
4.2. Experiments with fixed sheets 
The achieved experimental result with RFC on fixed sheet is showed in figure 6. The same areas with quality cuts 
as in figure 4 can be seen, however these areas are not so significant and have lower process stability.  
Fig. 6. Result plots with the travel speed [mm/min] as a function of the focus position [mm]. Blue color represents that 0-10% of the experiment 
cut length were RFC quality cut and the more the color goes towards red, 90-100%, the more of the experiments achieved quality RFC cut. 
The explanation should probably be found in the fixed sheets, which are not able to be separated due to warping of 
the metal during the process as the unfixed sheets are. 
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4.3. Results and discussion 
It can be seen that the results made by Schäfer (2010) can be reproduced with a single mode fiber laser. The focus 
position had to be altered so the beam diameter were defocused in the interval 350–550μm, whereas Schäfer (2010) 
reported the RFC cuts with the disc laser, done around the focus position with a beam diameter of 600μm. The travel 
speed in 0.5 mm plate thickness achieved by Schäfer (2010) was 6000-12000 mm/min, which is slightly higher than 
what was achieved in this study. From this comparison it is shown that the higher laser power available the thicker 
sheets can be cut. Furthermore the beam diameter needs a certain diameter to obtain RFC process stability. The RFC 
process was not robust to process stability for the given setup and its stability problems were also described in Pihlava 
et al. (2013). 
5. Analytical model result and comparison 
The response surface of the model, see figure 7, was computed with the same axis scale as the experimental results 
for comparison purpose. The computed pressures PV, PM, PA, PT gave results, which were orders of magnitude 
different. The approximations and assumptions in the modelling work is one possible explanation for this behavior. 
To compensate for that PM, PA and PT were scaled to fit the same range as PV. This scale entails that only the shape of 
the response surfaces can be analyzed. The following scaling was done: PM with 2.8·10-6. PA with 1.3·10-9. PT with 
2.0·10-6. The response surface of the model has a general shape with a positive resulting pressure, Pres, which is similar 
to the one achieved experimentally by the quality cuts. A gap in the area with the focus position between -10 – +10 
mm can clearly be seen though the model is not completely calibrated. For the upper travel speed the model also 
follows the experimental data but for the lower travel speed separations cuts occur in the experiments and they cannot 
be detected by the model. Therefore it can be concluded that only some of the key phenomena’s in the process are 
detected by the model.  
Fig. 7. Response surfaces with the travel speed [mm/min] as a function of the focus position [mm]. (a) Pres, (b) experimental results from figure 6, 
(c) PV, (d) PM, (e) PA, (f) PT. The color scale of the response surfaces (a, c, d, e and f) is measured in N/m2. 
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6. Conclusion 
The experimental results show that it was possible to carry out RFC and repeat the results of Schäfer (2010) with 
a 3 kW single mode fiber laser. The laser beam had to be defocused to a diameter interval between 350–550μm to 
produce similar results. Defocusing was necessary and a possible explanation was that the high intensity of the beam 
passes untouched through the keyhole formed by the laser beam. The RFC quality cuts could be produced with the 
laser beam having a negative and positive focus position in 0.5 mm thick stainless steel, but it could not be repeated 
for the negative focus position in 1.0 mm thick stainless steel. The 3000 W laser power was just sufficient to make 
quality RFC in sheet thickness of 1 mm. In sheet thickness of 0.5 mm the power should not be less than 2800 W to 
produce quality cuts. It was observed that a too low travel speed and a wide laser beam diameter resulted in separation 
cuts with uneven cut edges.  
From the first unfixed experiments it was discovered that distortions of the sheet during cutting had impact on the 
process reliability. These distortions possibly could separate the groove both lengthwise and crosswise in some places 
and not in other places. To avoid distortion cuts were made with fixed sheets. Analysis of the fixed cuts showed that 
the process reliability dropped slightly.  
The model created is able to compute the response surface of the resulting pressure. This surface shows a pattern 
with a positive resulting pressure where it is possible for the RFC quality cuts to occur. This area is similar to the area 
from the experimental results. The magnitude of the pressures was adjusted and it shows that the model suffers from 
the approximations and assumptions made, but it is worth to continue the work to refine and calibrate the model.  
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